Education, occupation, premorbid intelligence, and brain size are surrogate markers for cognitive reserve. Whether these markers have biological influence on Alzheimer disease (AD) pathology is not known. We thus aimed to investigate the effect of cognitive reserve proxies on longitudinal change of AD biomarkers. A total of 819 participants with normal cognition, mild cognitive impairment, and mild AD were enrolled in the Alzheimer's Disease Neuroimaging Initiative and followed up with repeated measures of cerebrospinal fluid, positron emission tomography, and magnetic resonance imaging biomarkers. Generalized estimating equations were used to assess whether biomarker rates of change were modified by reserve proxies. Cerebrospinal fluid Ab 42 decline was slower in normal cognition participants with higher cognitive reserve indexed by education, occupation, and American National Adult Reading Test (ANART). The decline of [ 18 F] fluorodeoxyglucose positron emission tomography uptake was slower in AD participants with better performance on the ANART. Education, occupation, and ANART did not modify the rates of magnetic resonance imaging hippocampal atrophy in any group. These findings remained unchanged after accounting for APOE 4, longitudinal missing data, and baseline cognitive performance. Higher levels of reserve markers may slow the rate of amyloid deposition before cognitive impairment and preserve glucose metabolism at the dementia stage over the course of AD pathologic progression.
R eserve is a hypothetical construct proposed to explain the disjunction between the burden of Alzheimer disease (AD) pathology and the degree of cognitive dysfunction in some older people. 1 Two kinds of reserve have been proposed: brain reserve and cognitive reserve; here, we used cognitive reserve to refer to both types. 2 Education, a common proxy of cognitive reserve, is robustly and consistently associated with a lower risk of AD across studies. [3] [4] [5] Similar findings were also reported in studies using occupation, premorbid intelligence, or brain size as a reserve proxy. 3, [6] [7] [8] [9] Once cognitive impairment begins, people with higher reserve seem to have faster cognitive deterioration. [10] [11] [12] It is assumed that by the time dementia is diagnosed, more AD pathology has accumulated in people with higher reserve, and therefore accelerated clinical deterioration occurs. Cognitive reserve may reduce the risk of symptomatic expression of AD or modulate the course of cognitive decline but reserve markers per se supposedly have no biological effect on AD pathology and thus are independent of AD pathologic progression. 13 A recent study from the Alzheimer's Disease Neuroimaging Initiative (ADNI) has shown stage-dependent trajectories of 3 biomarkers of AD pathology: cerebrospinal fluid (CSF) Ab 42 , [ 18 F] fluorodeoxyglucose positron emission tomography (FDG-PET) uptake, and magnetic resonance imaging (MRI) hippocampal volume 14 ; but how these pathology markers change over time in relation to individual reserve marker status is not known. In this study, we aimed to examine the influence of cognitive reserve markers, including education, occupation, American National Adult Reading Test (ANART), and intracranial volume (ICV), on longitudinal change of AD pathology in ADNI.
METHODS

Study Population
A total of 819 research participants [normal cognition (NC): 229; mild cognitive impairment (MCI): 397; AD: 193] were enrolled in ADNI from 59 centers in the United States and Canada during 2005 to 2007, although the actual number of participants finally entered into our longitudinal analyses varied by AD biomarkers (CSF: 103, PET: 455, MRI: 814). ADNI is supported by the NIH, private pharmaceutical companies, and nonprofit organizations, with the primary goal of examining the utility of serial biomarker measurement in AD and pre-AD stages. Full inclusion/exclusion criteria are detailed at http://www. adni-info.org. Briefly, screening criteria for entry into the study included the Mini-Mental State Examination score, Clinical Dementia Rating scale, and an education-adjusted cutoff score on delayed recall of 1 paragraph from the Logical Memory subtest of the Wechsler Memory Scale-Revised. 15 All participants were recruited between the ages of 55 and 90 and had at least 6 years of education and a study partner able to provide an independent evaluation of functioning. Specific psychoactive medications or other neurological disorders were excluded. The study procedures were approved by institutional review boards of all participating institutions.
Follow-up Timeline
Detailed schedules of assessment for NC, MCI, and AD are posted in the general procedure manual on the ADNI website: http://www.adni-info.org/Scientists/Pdfs/ ADNI_Protocol_Extension_A2_091908.pdf.
Briefly, after the baseline visit, subsequent visits took place at 6-or 12-month intervals in person. The variability in the timing of visits was assumed to be negligible, and there were only certain values for our time variable (eg, 6, 12, 24, 36 mo).
Biomarkers of AD Pathology
CSF Proteins
CSF samples were collected in the morning after overnight fast, shipped to the University of Pennsylvania Alzheimer's Disease Biomarker Laboratory and analyzed using a standardized protocol. 16 Ab 42 was measured (pg/ mL) in each of the CSF aliquots using the multiplex xMAP Luminex (Luminex Corp., Austin, TX) platform with Innogenetics (INNO-BIA AlzBio3, Ghent, Belgium; for research use-only reagents) immunoassay kit-based reagents. Over half of the entire study population had a least 1 CSF sample (416/819, 51%).
FDG-PET
The protocol to acquire ADNI PET data at sites nationwide is detailed at http://www.loni.ucla.edu/ADNI/ Data/ADNI_Data.shtml, and methods for FDG-PET analysis have been described previously. 17 Briefly, PET images were acquired 30-to 60-minute postinjection. Images were averaged, spatially aligned, interpolated to a standard voxel size, intensity normalized, and smoothed to a common resolution of 8-mm full width at half maximum. PET volumes were intensity normalized to the cerebellar vermis and the pons defined by the Montreal Neurological Institute template. Mean FDG uptake was extracted and averaged from 5 predefined region of interests (right/left temporal gyrus, right/left angular gyrus, and posterior cingulate gyrus) for each participant. About 55% (455/819) of all participants had at least 1 PET scan.
MRI Hippocampal Volume
The 1.5-T MRI protocol was described elsewhere 18 and was standardized across all sites: 2 T1-weighted MRI scans, using a sagittal volumetric magnetization-prepared rapid gradient echo sequence, with an echo of 4 msec, repetition time of 9 msec, flip angle of 8 degrees, and acquisition matrix size of 256Â256Â166 in the x-, y-and z-dimensions with a nominal voxel size of 0.94 Â0.94 Â1.2mm. The images were aligned, skull-stripped, and segmented and passed rigorous quality control checks. Free-Surfer software (http://surfer.nmr.mgh.harvard.edu) was applied to obtain bilateral hippocampal volumes in mm 3 from this segmentation. Nearly all participants had at least 1 MRI scan (814/819, 99%).
APOE 4 Allele
Blood samples at baseline were collected and APOE genotyping was carried out at the University of Pennsylvania Alzheimer's Disease Biomarker Laboratory. APOE 4 gene carriers were participants who had at least 1 APOE 4 allele.
Cognitive Reserve Markers
Education
The number of completed years of formal education was recorded. Educational attainment in the entire ADNI population was divided into tertiles: high (>17 y), intermediate (15 to 17 y), and low (< 15 y) levels.
Occupation
Occupation types were recorded and classified into 3 levels: (I) professional or managerial; (II) skilled; and (III) partly skilled or unskilled occupations according to The National Statistics Socio-economic Classification. 19 These 3 levels were used to approximate reserve status.
Premorbid Intelligence
ANART was used to estimate premorbid intelligence. 20 Participants were tested by asking to pronounce a total of 50 English words that did not follow regular grapheme-phoneme and stress rules. The number of mispronounced words was then recorded. More errors predict lower premorbid intelligence. ANART in the entire ADNI population was stratified into tertiles: high (< 8 errors), intermediate (8 to 16 errors), and low (>16 errors) reserve levels.
ICV
ICV was estimated by the automated MRI method, which combined 3 tissue classes of segmentation: gray matter, white matter, and CSF spaces. The ICV (cm 3 ) information is available in the ADNI image database. ICV in the entire ADNI population was stratified into tertiles: high (> 1626 cm 3 
Statistical Analyses
Biomarker Rates of Change
Participants with repeated measures were entered into analyses. We delineated biomarker trajectories and used repeated measures linear regression (an exchangeable working within-subject correlation model using a generalized estimating equation, GEE) 21 to estimate average rates of change in CSF and imaging biomarkers. Time-varying biomarkers were treated as the outcome and modeled by time and baseline age in the regression. Three diagnostic groups (NC, MCI, and AD) were analyzed separately. We used the visit month rather than continuous time, and the unit of time was years in the models.
Longitudinal Effect of Reserve Markers
We used tertiles of reserve markers for primary analyses and assumed the relationships between reserve markers and biomarker changes to be linear without treating the 3level variable as a categorical variable. We further conducted stratified analyses to confirm that the linearity assumption was generally not violated. To ensure that the longitudinal effect of reserve markers, if any, was not through baseline differences, we first examined the associations between reserve markers and baseline biomarkers in multivariable linear regression models adjusting for age and sex. Each reserve marker and its interaction with time (reserve marker Âtime) was then entered into the GEE models of biomarkers in NC, MCI, and AD. Coefficients of the interaction terms reflected the direction and magnitude of how cognitive reserve markers modified biomarker rates of change at different stages.
Longitudinal Missing Data
Several baseline features have been identified as missing data predictors during follow-up. 22 We examined the associations between reserve markers and missing data predictors by general linear models to ensure that the effect of reserve markers on biomarker change was not confounded by missing data.
Sensitivity Analyses
APOE 4 carriers are predisposed to develop AD and a previous study from ADNI also demonstrated that APOE 4 accelerated hippocampal atrophy in MCI and AD. 14 Therefore, we included APOE 4 carrier status in GEE models to test the robustness of any reserve marker effect. In addition to primary analyses using stratified reserve marker levels, we also used original continuous measures (eg, years of education) to confirm that the statistical significance was not due to artificial stratification.
All statistical analyses and graphics were performed in R version 2.11.1. All tests of statistical significance were conducted at the 2-tailed a level of 0.05.
RESULTS
Trends of decreasing cognitive function, reserve marker levels, and AD biomarkers from NC to MCI to AD characterized the intergroup difference at baseline in ADNI (Table 1) . After adjusting for age and sex, ICV correlated with MRI hippocampal volume in all diagnostic groups, whereas ANART was associated with hippocampal volume only in AD; otherwise, reserve markers were independent of CSF and imaging biomarkers at baseline. ICV was thus not included in the analysis of MRI hippocampal change. Except for a sex difference in ICV in FDG-PET follow-ups among cognitively normal participants, missing data predictors were not significantly associated with reserve markers.
Cognitive reserve markers including education, occupation, and ANART significantly modified the rates of CSF Ab 42 change in cognitively normal participants (education: P = 0.03; occupation: P = 0.01; ANART: P = 0.002; Table 2 ). People with higher levels of reserve markers had slower rates of CSF Ab 42 decline. CSF Ab 42 trajectories of high, intermediate, and low cognitive reserve marker levels were modeled for participants at age 75 (Figs. 1A-C). Further analyses of the NC group with repeated CSF studies (n = 35) showed that education levels were associated with occupation and ANART.
AD participants with better ANART scores had slower progression of glucose hypometabolism (P = 0.0003; Table 2 ). This pattern also appeared in the NC group, but was not statistically significant (P = 0.17; Table 3 ). The rates of hippocampal atrophy in MRI were, however, not modified by any of these reserve markers in all 3 diagnostic groups (Table 4 ). Unlike NC and AD groups, there was no effect of cognitive reserve markers on AD biomarker changes in the MCI group.
The effects of reserve markers on AD biomarker rates remained unchanged after accounting for APOE 4 and longitudinal missing data. For those whose biomarker rates of change were modified by reserve markers, we further examined their cognitive performance at baseline and there was no apparent difference in Mini-Mental State Examination score, Alzheimer's disease assessment scale-cognitive subscale, and auditory verbal learning test across each reserve marker stratum (Supplementary Tables 1 and 2 , http://links. lww.com/WAD/A55, http://links.lww.com/WAD/A56).
DISCUSSION
To the best of our knowledge, this is the first longitudinal study showing the protective effect of cognitive reserve markers against AD pathologic progression. We found that higher levels of education, occupation, and premorbid intelligence decelerated the decline of CSF Ab 42 in participants with NC and the effect of premorbid intelligence extended to FDG uptake in patients with AD. The longitudinal effect of cognitive reserve markers on CSF Ab 42 is consistent across different proxies, regardless of whether in continuous or categorical variables, and was not confounded by baseline cognitive function, missing data, or APOE 4. Our findings agree with a recent cross-sectional study, which reported that greater lifetime cognitive engagement was associated with reduced Ab deposition measured by Pittsburg Compound B uptake (PIB). 23 Therefore, cognitive reserve markers may not only modify the effect of AD pathology on cognitive performance but also exert direct biological influence to slow pathologic progression.
This protective effect of cognitive reserve markers was mainly found among cognitively normal participants. Ab deposition is considered a pivotal event in the AD *P < 0.05 or the rate of change is significantly modified by reserve markers; wP < 0.05 only appears when reserve marker is stratified into 3 levels but disappears when using continuous variables, for example, years of education. Positive coefficients indicate that the biomarker decline is slower in participants with higher levels of reserve markers. pathologic cascade that precedes cognitive impairment and triggers subsequent changes in tau, glucose hypometabolism, and hippocampal atrophy. 24 Therefore, if reserve markers have any direct influence on AD pathology, the effect may be more likely detected in the dynamics of CSF Ab 42 before any cognitive deficit is manifested. We also observed that ANART modulated the decline of FDG uptake in patients with AD, which seems to be against current reserve hypothesis that people with higher reserve would decline faster once AD becomes symptomatic. Nevertheless, the faster decline in cognitive function may not reflect underlying metabolic decline. Although there was evidence in the inverse relationship between cognitive reserve and parietal flow from an earlier, cross-sectional study, 25 evidence on longitudinal FDG-PET in AD is still lacking. A larger sample of AD with repeated FDG-PET scans may help clarify this difference.
The underlying mechanism of how cognitive reserve markers might shape AD pathologic change is intriguing. Transgenic mice studies have shown that exposure to environmental enrichment reduced cerebral Ab deposition, 26 suggesting that AD pathology can be modulated by environmental experience. Furthermore, as Ab release is synaptically regulated, greater synaptic activity increases the level of Ab in brain interstitial fluid and leads to region-specific Ab aggregation. 27, 28 These vulnerable regions overlap with a set of highly interconnected networks, also known as cortical hubs, which include posterior cingulate, lateral temporal, lateral parietal, and medial/lateral prefrontal regions. 29 The spatial convergence of cortical amyloid and these metabolically active cortical hubs leads to a unifying framework recently proposed to explain the relationship between lifespan brain activity and AD. 30 On the basis of the framework, these interconnected networks are responsible for information processing and therefore synaptically active, which may in turn provoke regional deposition of Ab. The role of cognitive reserve in this model is proposed to support neural efficiency and flexibility for cognitive function. Thus, individuals with higher cognitive reserve would utilize more efficient neural processes, require less synaptic activation, and have slower cerebral deposition of Ab detected as slower CSF Ab 42 decline. (n = 72) (n = 28) High À 1.69* À 2.61* À2.65* (À2.58, À 0.79) (À 3.39, À 1.83) (À 4.47, À 0.82) (n = 64) (n = 78) (n = 27) ICV Low À 2.65* À 3.75* À4.86* (À3.94, À 1.38) (À 4.77, À 2.73) (À 6.73, À 2.99) (n = 45) (n = 59) (n = 31) Intermediate À 2.29* À 2.83* À4.53* (À3.62, À 0.96) (À 3.63, À 2.03) (À 6.49, À 2.57) (n = 41) (n = 77) (n = 28) High À 1.79* À 2.54* À5.10* (À2.71, À 0.88) (À 3.21, À 1.86) (À 6.66, À 3.54) (n = 47) (n = 87) (n = 38) AD indicates Alzheimer disease; ANART, American National Adult Reading Test; CI, confidence interval; FDG-PET ROIs, [ 18 F] fluorodeoxyglucosepositron emission tomography region of interests; GEE, generalized estimating equations; ICV, intracranial volume; MCI, mild cognitive impairment; NC, normal cognition. *P < 0.05 or the rate of change is significantly different from zero.
Larger brain size was associated with a lower risk of AD in some 9 if not all studies. 31 In our study, the effect of large ICV also seemed to protect against CSF Ab 42 and FDG uptake decline in the NC group, although not with statistical significance. Our brain size measure was approximated by combining the volume of CSF space, gray and white matter; however, how valid and precise this approach is for defining maximum synapse count in adulthood or the physical basis of reserve is unclear.
MCI participants were enrolled in ADNI based on clinical criteria, but their underlying pathologic profile is likely to be heterogenous. 32 Despite a larger sample size than NC and AD groups, the effect of reserve markers on AD biomarker changes did not appear in the MCI group, consistent with a higher degree of heterogeneity in MCI than in NC or AD.
Education might mediate microstructural changes in hippocampus, 33 but we did not observe any effect of cognitive reserve markers on the rates of MRI hippocampal atrophy. Hippocampal volume is a macrostructural measure and the effect of education or other proxies may be more difficult to detect by volumetric MRI. Most importantly, hippocampal atrophy probably represents a late change in the AD pathologic cascade and cognitive reserve markers may be no longer protective once the pathologic cascade becomes advanced.
One of the unique strengths in our study is that we have repeated measures of AD biomarkers to delineate AD pathologic changes over time. Unlike cross-sectional approaches, longitudinal study does not require the assumption that an age effect is uniform across different individuals. For instance, 2 different participants at age 60 and 70 in the same group are treated separately and we do not assume that the pathologic burden of the individual at age 60 will develop into what the 70 years old expresses after 10 years. Second, we have multiple reserve proxies typically used in past studies: education, occupation, ANART, and even ICV, all within the same database, which is rarely available in a clinical study. These reserve proxies share some features and capture different components of the reserve construct: cognitive experience early in life, cognitive activity during adulthood, and steady-state linguistic capacity for example. Cognitive reserve is a hypothetical construct and cannot be directly measured. It is therefore beneficial to address the effect of cognitive reserve markers from >1 perspective. Third, ADNI comprises a wealth of information, allowing us to assess the potential confounding from missing data, APOE 4, and baseline cognitive function. As all participants were enrolled at different stages in the disease course, baseline evaluation did not reflect their pathologic states when they first had cognitive change. We therefore carefully applied GEE to avoid the unverifiable assumption about the distribution of baseline AD pathology. 34 The longitudinal structure and comprehensiveness of ADNI data, together with our statistical approach, all strengthen our results to be less biased.
There are several limitations in our study. First, although over 800 people participated in ADNI, the robust longitudinal effect of cognitive reserve mainly came from 35 cognitively normal subjects with 3 repeated CSF studies. This small sample size may be a concern if we want to generalize our results to a larger population. Because missing data and other potential confounders have been considered in our analyses, the internal validity for all 229 participants in the NC group is likely achieved. In addition, the statistical significance from a small sample suggests that the actual effect may be striking. However, the reserve markers we examined actually reflect complex phenomena with a variety of effects on participants, so that we cannot rule out residual confounding. As we made several hypothesis tests with different biomarkers and cognitive reserve surrogates in the same study population, some significant results might be due to multiple comparisons. Second, there are only up to 3 time points of CSF Ab 42 for longitudinal analysis. Although we could evaluate both change and the variance of change based on 3 repeated measures, we might need more data points to sufficiently minimize the effect of "regression toward the mean". However, lumbar puncture is an invasive procedure; it is practically challenging to repeat CSF studies especially on normal participants. Amyloid PET imaging, a similar but noninvasive biomarker, may replace the use of CSF Ab 42 to follow cerebral amyloid dynamics in the future. Third, only 55 participants (6.7%) had <12 years of education, and highly educated participants were overrepresented in the ADNI population (Supplementary Table 3 , http://links. lww.com/WAD/A57). Therefore, the effects we detected were relatively confined to those with actually moderate to high levels of education. Nevertheless, this relationship was also seen in our other reserve markers. Fourth, ADNI participants were enrolled based on clinical criteria but not biomarker measurement. They likely had developed various degrees of AD pathology by the time of enrollment. Although we showed that baseline AD biomarkers were independent of cognitive reserve levels, how baseline differences in pathology would affect rates of change is not known. We therefore need to assume that baseline AD pathology for participants within the same cognitive group is homogenous. Ideally, we would like to begin with a group of people with a similar amount of AD pathologic burden and then follow them to assess the effect of cognitive reserve markers. High levels of reserve markers may not only reduce the risk of AD or modify the effect of AD pathology on cognitive performance but also have direct biological influence to slow Ab deposition and compensate for synapse loss in the brain. The protective effect of reserve markers mainly occurs before cognitive impairment, implying that if cognitive intervention can be effective in preventing the occurrence of AD it should be initiated as early as possible.
